The Anfinsen principle that the protein sequence uniquely determines its structure is based on experiments on oxidative refolding of a protein with disulfide bonds. The problem of how protein folding drives disulfide bond formation is poorly understood. Here, we have solved this long-standing problem by creating a general method for implementing the chemistry of disulfide bond formation and rupture in coarse-grained molecular simulations. As a case study, we investigate the oxidative folding of bovine pancreatic trypsin inhibitor (BPTI). After confirming the experimental findings that the multiple routes to the folded state contain a network of states dominated by native disulfides, we show that the entropically unfavorable native single disulfide between Cys 14 and Cys 38 forms only after polypeptide chain collapse and complete structuring of the central core of the protein containing an antiparallel β-sheet. Subsequent assembly, resulting in native two-disulfide bonds and the folded state, involves substantial unfolding of the protein and transient population of nonnative structures. The rate of formation increases as the β-sheet stability increases. The flux to the native state, through a network of kinetically connected native-like intermediates, changes dramatically by altering the redox conditions. Disulfide bond formation between Cys residues not present in the native state are relevant only on the time scale of collapse of BPTI. The finding that formation of specific collapsed native-like structures guides efficient folding is applicable to a broad class of singledomain proteins, including enzyme-catalyzed disulfide proteins.
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disulfide proteins | native-like interactions | enzyme-catalyzed folding | early collapse | nonnative interactions T he landmark discovery that the information to fold a protein is fully contained in the primary amino acid sequence was based on oxidative refolding experiments on disulfide bond formation in ribonuclease A (RNase A) (1, 2) . Anfinsen showed that the initially unfolded protein, generated by reducing the disulfide (S-S) bonds in the native state of RNase A, folds reversibly under oxidizing conditions by correctly reforming the four native S-S bonds (among 105 possibilities) between the eight cysteine (Cys) residues. Besides being central to the enunciation of the principles of protein folding, many secretary proteins, whose misfolding is linked to a number of diseases, contain S-S bonds (3) . Although biophysical aspects of such proteins are not as well studied as those without S-S bonds, understanding the link between conformational folding coupled to disulfide bond formation (4-7) is important and challenging both from a chemical and biophysical perspective (8) .
The formation of S-S bonds and their identities during folding can be monitored by quenching the oxidative process at various stages of the folding reaction (9) . By arresting the reaction, it is possible to characterize the accumulated intermediates in terms of already formed S-S bonds (10) . However, the relationship between protein folding and disulfide bond formation is nontrivial to establish because this requires separate reporters for disulfide bond formation and organization of the rest of the polypeptide chains. Even if the reaction can be arrested rapidly, the conformations of the intermediates are difficult to determine using experiments alone, although single molecule pulling experiments hold exceptional promise (7). Thus, well-calibrated computations are needed to decipher the precise relationship between conformational folding and S-S bond formation (11) (12) (13) (14) .
Here, we investigate the coupling between conformational folding and disulfide bond formation by creating a novel way to mimic the effect of disulfide bond formation and rupture in coarse-grained (CG) molecular simulations, which have proven useful in a number of applications (15) (16) (17) (18) . As a case study, we use the 58-residue bovine pancreatic trypsin inhibitor (BPTI) with three S-S bonds in the native state to illustrate the key structural changes that occur during the folding reaction. The pioneering experiments of Creighton (9) seemed to indicate that nonnative disulfide species (19) (20) (21) (22) are obligatory for productive folding to occur (for a thoughtful analysis, see ref. 23 ). Subsequently, using acid quench technique (by lowering pH, resulting in slowing down of the thiol disulfide exchange reaction) and a superior way of separating the intermediates Weissman and Kim (24) found that only native single and multiple disulfide bonds accumulate during the folding process. A plausible resolution of these contradictory findings was provided using theoretical studies (5) and simulations using lattice models (12) showing that nonnative intermediates are formed only on the time scale of the global collapse of the polypeptide chain. On longer times, only native species (S-S bonds found only in the folded state) dominate, as surmised by Weissman and Kim (24) .
The experimental studies could not resolve whether disulfide bond formation drives protein folding or vice versa, and has remained a major unsolved problem in protein folding. To solve this problem, we created a novel computational method to mimic disulfide bond formation and rupture within the context of a C α representation of polypeptide chain by building on the demonstration by Scheraga and coworkers (6) that the formation or disruption of S-S bonds in these proteins can occur only if a few structurally important criteria (proximity of Cys residues, orientation, and accessibility of thiol groups to oxidative agents, see Figs. S1-S3) are met. We incorporated this physical insight in our model and simulated the oxidative folding of BPTI. Our results quantitatively capture the relative importance of all single and two disulfide intermediates that direct folding of BPTI. The initial rapid formation of single disulfide
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Anfinsen inferred the principles of protein folding by studying a protein containing four disulfide bonds in the native state. However, how protein folding drives disulfide bond formation is poorly understood despite the role such proteins play in variety of extracellular and intracellular functions. We developed a method to mimic the complex chemistry of disulfide bond formation in molecular simulations, which is used to decipher the mechanism of folding of bovine pancreatic trypsin inhibitor. The flux to the native state is through a complex network of native-like states. Crucially, we establish that it is the conformational folding of the protein that directs disulfide bond formation. Testable predictions and implications for enzyme-catalyzed folding of disulfide proteins in vivo are outlined.
intermediates (in particular , an intermediate with disulfide bond between Cys 14 and Cys 38 ), occurs only after substantial compaction of BPTI and complete structuring of the central antiparallel β-sheet shown in Fig. 1A . Formation of two-disulfide intermediates and the species N SH SH ( ) that is poised to fold rapidly to the folded state N requires substantial unfolding of BPTI. Loop formation dictated by entropic considerations and forces that drive chain compaction place the Cys residues in proximity to enable S-S bond formation, thus directing BPTI to the folded state (5). Our work also provides a general framework to simulate oxidative folding of disulfide-containing proteins, and firmly establishes that early formation of specifically collapsed structures results in efficient folding of single domain proteins.
Results
The native state of BPTI has three disulfide bonds between Cys 5 and Cys 55 , Cys 14 and Cys 38 , and Cys 30 and Cys 51 (Fig. 1A) . The 5-55 disulfide bond is located between the two terminal helices [helix α 1 (from Asp3 to Glu7) near the N terminus and α 2 (Ala48 to Gly56) in C terminus]. The maximally solvent-exposed disulfide bond is near the terminus of the β-hairpin (formed between the β 1 -strand from Ile18 to Asn24, and β 2 -strand from Leu29 to Tyr35). The 30-51 disulfide bond bridges the β 1 -strand and α 2 (Fig. 1B) . When the three native disulfide bonds are reduced BPTI unfolds, resulting in the R state. The two-disulfide species is designated as N*, is termed N′, and is N SH SH . The native BPTI [5-55, 14-38, 30-51] is labeled N. In this standard description, the states of BPTI are described solely in terms of the [S-S] bonds without consideration of the conformations of the rest of the polypeptide chain.
Folding Network in Terms of Intermediates. To validate our simulations by direct comparisons with experiments, we map the folding pathways of BPTI in terms of the accumulated S-S bond intermediates. The flux map in Fig. 2 , obtained using 2,000 folding trajectories, quantifies the flow toward the native state from any given intermediate in the folding network. In the earliest stage of folding, nearly 84% of the reduced BPTI rapidly forms the intermediate (Fig. 2) . The populations of and in the initial stages of BPTI folding are considerably less under the simulated redox conditions (Fig. 1C) . The finding that the metastable is the first native disulfide to form rapidly before further rearrangement agrees with theoretical predictions (5) and subsequent experimental validation (25, 26) . As folding progresses, the kinetically unstable rearranges to form the more stable and (Fig. 2) . In our simulations, which mimic mildly oxidizing conditions, the transition from to and forms with the highest probability after the population of decays, it follows that formation of intermediates with two S-S bonds occurs by conformational rearrangement involving (25) .
The final step is the rearrangement of the two-disulfide species to N. The flux map in Fig. 2 shows that only a very small fraction of N* and N′ states is kinetically connected to N. Because the population of N* is less than N′, we conclude that N* is a kinetic trap. Our simulations show that these dead-end species must 2 . The folding pathway, represented as a network of native-like states, connecting the fully unfolded state (R) to the folded (N) state with three disulfide bonds. For β O = 1.0 and β R = 1.5, the early event produces predominantly . Subsequently, there is a bifurcation in the pathway with this intermediate rearranging to and . The percentages indicate the dominant route to N from R. Representative structures of all of the relevant states are shown. The numbers in parentheses were obtained from simulations with β O = 2.0 and β R = 4.0, which mimics the redox conditions used by Weissman and Kim (24) . In red are the fluxes through the various native intermediates to the native state obtained from simulations that consider native and nonnative disulfide bond formation. The qualitative agreement between the two simulations is striking.
undergo rearrangement by reduction of , and subsequent formation of the productive two disulfide species, N SH SH . In this process nonnative species are transiently populated in some of the folding trajectories (see below). The simulated folding pathway is in very good agreement with experiments, setting the stage for us to elucidate how protein folding controls disulfide bond formation. (27) . To assess the effect of changing redox conditions on BPTI folding we performed simulations with β O = 2.0 and β R = 4.0, which mimics the conditions used by Weissman and Kim (24) . The large value of β R , corresponding to weak reducing conditions, means that the probability of an already formed [S-S] bond has very small probability of undergoing reduction (see SI Text for details). It is in this sense that the ½β O , β R values used in these simulations qualitatively mimic the Weissman and Kim (24) conditions. The percentage of molecules that reach N is now considerably less, and the transition from N* is so slow that only a very small (the values are given in parenthesis in Fig. 2 ) fraction of N* reaches the N SH SH . Thus, N* is effectively a dead-end kinetic trap. The overall findings are in excellent agreement with experiments (24) .
Interestingly, the rate of formation and the fraction of R ensemble that reaches do not depend on the redox conditions. To establish the robustness of this finding, we varied β O with β R fixed at 1.5 (Fig. 1C) . Neither the yield nor the time (τ ) for forming changes appreciably as β O changes (Fig. 3A) . Thus, formation depends predominantly on the statistics of loop formation and compaction of BPTI resulting in the near complete ordering of the β-hairpin that brings Cys 14 and Cys 38 in proximity (5).
Kinetics of Single Disulfide Bond Formation. We quantify the kinetics of formation of single disulfide species using the time-dependent changes in the population, P α ðtÞ = R t 0 P α fp ðsÞds, where α refers to , , or , and P α fp ðsÞ is the distribution of first passage time for the formation of the α th species. We calculated P α fp ðsÞ by determining the first time the α th species is reached in each folding trajectory. The results in Fig. 3B for P α u ðtÞ = 1 − P α ðtÞ show that although forms rapidly with substantial probability ( Fig. 2 ) (relative to or ), it decays also rapidly rearranging to and . Closer inspection of P α u ðtÞ for and shows a delay in the decay that is absent in P ½14−38 ðtÞ, implying that only after forms does one observe population of the other two native single disulfide intermediates. Because is exposed to solvent, it is vulnerable to further oxidation or reduction. In contrast, both and are buried (Fig. 1A) , and hence once they are formed they are not as vulnerable to further rearrangement as . Consequently, is unstable and rearranges to the more stable and involving substantial unfolding (Fig. S4 ) through structures that are more compact than reduced BPTI (Fig. S5 ).
Collapse and Complete Ordering of β-Hairpin Precede Formation of Disulfide Bond. The connection between S-S bond formation and folding is best captured by analyzing a typical folding trajectory shown in Fig. 4A (Movie S1). Another example is given in Fig. S6 . A number of inferences can be drawn from Fig. 4A: (i) Fig. 4A shows that before the formation of a single S-S bond, BPTI is compact with R g decreasing from 24 Å in R state to less than 15 Å; (ii) upon compaction, Cys 14 and Cys 38 are in proximity with correct orientation resulting in the formation of the S-S bond. As reflected in Fig. 4A , forms ahead of and . Most importantly, before formation of , the antiparallel β-hairpin is fully structured and the terminal α-helices adopt native-like structures. The rest of BPTI is disordered. We substantiate this finding quantitatively by a plotting d ½14−38 as a function of the fraction of the native contacts, Q β , between the two β-strands. The near perfect anticorrelation between these quantities (Fig. 4B) shows that as Q β increases, the distance between residues 14 and 38 decreases, thus facilitating the formation of . Even at d ½14−38 ≈ 12 Å, a value that is too large for to form, Q β adopts near native value (Fig. 4B) , implying that the core hairpin formation is complete before formation starts. (iii) When d ½14−38 ≈ 5.7 Å, which is close enough to form a disulfide bond, the distribution of Q β is peaked at a value that exceeds 0.8 (Fig. 4C) , implying complete ordering of the hairpin. (iv) As time progresses, undergoes oxidation and reduction multiple times under the conditions of simulations ( Fig. 4A and Fig. S6 ) because it is exposed to the solvent. Although kinetically favored, the low stability of results in its disruption as folding proceeds. Thus, collapse of the polypeptide chain and complete structuring of the β-hairpin followed by formation are key events that direct protein folding. Fig. 5 A and B) than in the transition from N′ → N SH SH . The snapshots of the structures show that the key secondary structural elements are intact, which means that the transiently populated nonnative species are compact (Fig. S7) .
Stability of β-Hairpin
Correlates with τ . Our simulations reveal that β-hairpin is fully formed long before the distance between residues 14 and 38 is close enough to establish S-S bond (Fig. 4B) . It stands to reason that if interactions favoring β-hairpin formation are strengthened, then τ should decrease. To test this prediction, we stabilized the β-hairpin by increasing λ (Eqs. S1 and S2), involving only the residues in the β-hairpin. We find that τ decreases as λ increases (Fig. 6) , thus demonstrating the correlation between τ and the β-hairpin stability. The yield of (red line in Fig. 6 ) also increases as the hairpin stability increases. We repeated the simulations by creating a pseudo mutant in which only can form, which is realized by setting K s = 0 (Eq. 1) for all other Cys residues. The changes in the rate of folding essentially mirrors that for the WT. These simulations predict a twofold increase in rate if the hairpin is stabilized. The finding that an increase in the stability of β-hairpin (Fig. 1A ) results in a decrease in the folding time of is in quantitative accord with experiments (29) . Mutation of a number of bulky hydrophobic residues in the β-strands (residues 18-24 and 29-35), several of them being distant from 14 or 38, by Ala in a pseudo mutant (residues 5, 30, 51, and 55 were replace by Ala) showed retardation of formation (figure 4 in ref. 29) . The maximum decrease in the rate is about a factor of 2, with most substitutions showing a more modest decrease relative to the pseudo WT. Remarkably, our simulations capture the extent of rate changes found in experiments quantitatively, thus establishing the crucial role the β-hairpin plays in enabling to form. More recently, experiments have further illustrated the link between hydrophobic interactions and disulfide bond formation in controlling fibrillar and globular aggregate formation in egg white lysozyme (30, 31) .
Factors Determining Protein Collapse and Formation. To understand the importance of the initial formation of , which subsequently leads to native-like states N* and N′, neither of which contains , we performed a series of simulations. Consider a variant of BPTI in which S-S bond formation between Cys residues 30, 51, and 55 and interactions between nonbonded residues are all repulsive (obtained by setting « 1 = 0 in Eq. S2). This model, referred to as type I, is a polymer mutant of BPTI serves as a reference system for assessing the role of entropy in forming the single disulfide species. In this limit, we expect that the relative probability of forming the single disulfide intermediates should be proportional to the probability (see figure 1 in ref. 5 ) of loop formation, PðlÞ ≈ 1 = θ 3 ð1 − expð−l=l 0 ÞÞ, where l is the number of bonds separating two residues, l 0 (roughly, 2-3) is the persistence length of the polypeptide chain, and θ 3 ≈ 2.2 (32) . The theory predicts that the ratio of the probability formation of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (l = 9) to (l = 24) should be roughly (24/9) θ3 ≈ 9. Based on the theory for loop formation kinetics (33-35), we predict a similar ratio for time scales for forming such contacts.
The type II model is the same as type I except that only the interactions between residues in the β-hairpin are purely repulsive. All other nonbonded interactions retain the values as in the WT. The type III model is a pseudo mutant of the WT created by preventing the S-S bond formation between Cys residues 30, 51, and 55. We achieve this by setting K s to zero in Eq. 1 for these three residues. Such mutants can be created in experiments by Ala substitutions (29) . In all these simulations, β O = 1.0 and β R = 1.5.
From 3,000 trajectories for the type I model, the mean time, τ [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , for forming the most probable [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] is ≈ 6,000 τ, whereas forms in τ ≈ 8.7 × 10 4 τ (Fig. S8A) . The ratio is ∼15, which agrees well with predictions based on polymer theory. The least probable forms about 26 times slower than [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which is also in rough accord with theory.
We generated 4,218 trajectories for the type II model in which the formation of the central β-hairpin is prevented. In this case, the three single disulfide bonds form in comparable times ( τ, suggesting that the presence of helices (Fig. 1A) and favorable tertiary interactions results in BPTI collapse enabling the three onedisulfide bonds to form albeit without discrimination.
For the type III pseudo WT model (only disulfide bonds involving 5, 14, and 38 can form), we created 2,249 trajectories. In all these trajectories, forms, whereas in only a minority of trajectories the formation of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and is observed; this is surprising because the mean folding time of the WT is less than the maximum time for which the simulations are run for this model. Thus, the calculated τ [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 
τ is a lower bound. In sharp contrast, we find that forms with unit probability in all of the trajectories with τ ≈ 5,400 τ (Fig. S8C) . With the caveat that the estimates for τ [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and τ are lower bounds, our simulations show that forms considerably faster (with substantial yield) than the nonnative one disulfide intermediates (Fig. S8C) .
The results for the WT and the three mutant simulations show that the rapid formation requires not only collapse of the protein but complete formation of the central β-hairpin and the helices. The very slow kinetics associated with [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] formation in the type III model also rules out any significant role such nonnative species play in the folding of BPTI. In addition, the present work shows in no uncertain terms the inevitability of protein collapse and formation in guiding the folding of BPTI. We should emphasize that despite the important kinetic role that plays in the wildtype BPTI folding, mutants (Cys to Ser) lacking these two cysteines can also reach the native state with altered kinetics (36) . We performed simulations with E SS = 0 (Eq. 1) for only . In accord with experiments, we find that this in silico mutant does reach the native by different pathways (compared with the WT) through a simpler network of states (Fig. S9) .
Effect of Nonnative Disulfide Bond Formation. To investigate how nonnative (NN) disulfide bonds affect the folding pathways, we performed simulations allowing for [S-S] bond formation between all of the Cys residues. In these simulations the criteria for rupture and formation of [S-S] bonds are identical regardless of whether native or nonnative disulfide bonds are involved. We obtained the flux diagram from 2,000 folding trajectories, and the results are shown in Fig. 2 ; additional consequences for the initial steps in the folding are shown in Fig. S10 . There are two important lessons that come from these simulations. (i) The differences between these simulations and the ones based on the Go model arises only in the early stages of BPTI folding. In simulations with NN disulfide bond formation ∼43% of molecules form a mixture of various single NN disulfide species, such as [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and . Nearly 50% reach the native state slightly ahead of all other NN single disulfide species (Fig. 2) . All of the single disulfide species (native and nonnative) are present only after substantial collapse of BPTI (Fig.  S10) . These findings are in excellent agreement with theoretical predictions (5) . Interestingly, the percentages of molecules that form various single disulfide species (Fig. 2) are in close agreement with experiments (26) , which is remarkable given the simplicity of the model. (ii) There is virtually no difference between results obtained using the Go model and the one with NN disulfide bond formation in the flux through two disulfide species (Fig. 2) . Thus, the major conclusions reached based on the Go model simulations remain valid when NN disulfide bond formation is allowed.
Discussion
Nonnative Interactions. Our earlier works (5) showed that on times exceeding τ c , the population of nonnative species decrease, whereas those of native intermediates increase. The present simulations (using models with and without nonnative disulfide bonds) show that, before the first native disulfide intermediate ( ) forms, BPTI adopts compact conformation, which allows us to focus on the network of connected states involving native-like native intermediates. Because the initial collapse is nonspecific, it follows that nonnative intermediates are likely formed stochastically (5, 12) (SI Text), limited only by topological restriction due to chain connectivity and stability, and do not direct folding. Beyond the collapse stage the dominant native interactions facilitate the formation of the folded state. In the process of rearrangement from N* and N′, compact intermediates containing nonnative species (Fig. 5 ) (24) are transiently populated. Lattice model simulations show that one or two nonnative contacts are likely to be part of the TSE even in the folding of proteins without disulfide bonds (37, 38) . Recent analyses of atomically detailed simulations and theoretical arguments also suggest that in the folding of small proteins only nativelike interactions dominate (39, 40) .
Predictions. We have made testable predictions. (i) If the stability of the β-hairpin is compromised by suitable mutations, then the formation of the crucial kinetic intermediate is impeded. As a result nonnative intermediates (in particular, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ) compete with the formation of , thus derailing efficient folding.
(ii) For the wild-type BPTI, we predict that the yields and the relative rates of native single disulfide intermediates do not depend on the redox conditions (concentrations of GSSH and GSH, e.g.). However, the flux through other states can be dramatically altered, as shown in Fig. 2. (iii) If the central β-hairpin is destabilized, then the nonnative intermediates [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and and the native form equally efficiently even though the probability of forming [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] is greater than . Only upon destabilizing the two peripheral helices and the β-hairpin, the population of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] greatly exceeds that of , as expected from polymer theory (5, 33) .
Concluding Remarks
To provide a theoretical description of how protein folding drives disulfide bond formation, we developed a novel method to mimic the chemistry of disulfide bond formation and rupture in simulations using coarse-grained models. The simulations reproduce the experimentally inferred parallel pathways, involving flux through a network of connected native-like states. Our work explains all of the key features inferred from experiments. and [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] are populated (24) . (iii) The decrease in the rate of formation, as the antiparallel β-sheet is destabilized (Fig. 6) , supports mutation experiments reporting similar retardation in the rates (29) . We also predict that the rate should increase upon stabilizing the β-hairpin. (iv) Inclusion of nonnative disulfide bonds improves quantitative agreement in the flux through native single disulfide species. However, qualitatively, all of the features are captured using a native-centric model. . Time for forming relative to the wild-type as function of λ (defined in Eqs. S1 and S2). The stability of the β-hairpin increases (decreases) as λ increases (decreases). The relative times are given for two variants. One of them (black line) is for the WT (λ = 1.0) and the other blue is for a pseudo mutant, in which disulfide bonds other than cannot form. The red curves show the yield of for the WT.
The finding that polypeptide collapse should occur before disulfide bond formation is supported by single molecule pulling experiments (7), investigating the role protein disulfide isomerase (PDI) plays in catalyzing oxidative folding (41) of a broad class of disulfide proteins. Although derived in the context of disulfidecontaining proteins, the link between collapse and folding is also applicable to the folding of globular proteins (42, 43) .
Methods
Coarse-Grained Model. In our CG Go-like model (44) , each residue is represented as a single reaction center located at the C α position. We use a harmonic potential for the covalent disulfide bonds (14, 45, 46) given by
where α = 1,2,3 labels the three disulfide bonds, r α is the distance in the α th [S-S] bond, and r α0 is the equilibrium distance in the folded structure. The values of r α0 (α = 1,2,3) are 5.61, 5.67, and 6.26 (Å) for 5-55, 14-38, and 30-51, respectively, and K s = 20 eÅ −2 , where e is the unit of energy. The energy function and the details of formation and rupture of [S-S] bonds are described in SI Text.
